Context. A study of late-type low-mass eclipsing binaries provides us with important information about the most common stars in the Universe. Aims. We obtain the first light curves and perform period analyses of two neglected eclipsing binaries GK Boo and AE For to reveal their basic physical properties. Methods. We performed both a period analysis of the times of the minima and a BVR light curve analysis. Many new times of minima for both the systems were derived and collected from the data obtained by automatic and robotic telescopes. This allowed us to study the long-term period changes in these systems for the first time. From the light curve analysis, we derived the first rough estimates of the physical properties of these systems. Results. We find that the analyzed systems are somewhat similar to each other. Both contain low-mass components of similar types, both are close to the Sun, both have short orbital period, and both contain another low-mass companions on longer orbits of a few years. In the case of GK Boo, both components are probably of K3 spectral type, while the distant companion is probably a late M star. The light curve of GK Boo is asymmetric, which probably causes the shift in the secondary minima in the O − C diagram. System AE For comprises two K7 stars, and the third body is a possible brown dwarf with a minimal mass of only about 47 M Jup . Conclusions. We succeed in completing period and light curve analyses of both systems, although a more detailed spectroscopic analysis is needed to confirm the physical parameters of the components to a higher accuracy.
Introduction
Low-mass stars are the most common stars in our Galaxy (e.g. Kroupa 2002 ). However, owing to their low luminosity, only these close to the Sun have been studied in detail and many of them have never been analyzed. Hence, we focused on two rather neglected low-mass eclipsing binary systems: GK Boo and AE For. Their light curves as well as their period modulation had never been studied. Some studies indicate that most late-type stars are single (e.g. Lada 2006 ), but the number of papers studying the multiplicity of the late-type systems is still rather limited. Therefore, the incidence of multiples in late-type stars remains unexplored.
The study of eclipsing binaries provide us with important information about the physical properties of both of their components -their radii, masses, and evolutionary status. However, when considering only with the light curve, several assumptions have to be made. For the analysis presented in this paper we also used the photometric data obtained by automatic and robotic telescopes (such as ASAS, Pi of the sky, and SWASP). Thanks to these huge databases of observations, the long-term evolution of these systems can be studied for the first time.
GK Boo

Introduction
The system GK Boo (= BD+37 2556, V max = 10.86 mag) is an Algol-type eclipsing binary with an orbital period of about 0.48 day. It is also a primary component of a visual double designated WDS J14384+3632 in the Washington Double Star Catalog (WDS 1 , Mason et al. 2001) . The secondary component of this double star is about 14 ′′ distant, and is probably gravitationally bound to GK Boo itself. It is about 0.4 mag fainter, but since its discovery in 1933 there has been no detectable mutual motion of the pair, hence the orbital period is of about thousands of years (rough estimation from the Kepler's law).
The star is too faint, thus was not observed by Hipparcos satellite, and its distance is therefore rather uncertain. Kharchenko (2001) introduced the parallax 30.29 mas, which is however only an estimate. Its spectral type is also unknown, but the B − V index derived from the Tycho catalogue (Høg et al., 2000) , B − V = 0.89 mag indicates a spectral type of about K1. On the other hand, the 2MASS infrared photometry (Cutri et al., 2003) gives J − H = 0.527 mag (therefore a spectral type of K3). Finally, Ammons et al. (2006) introduced a temperature corresponding to a spectral type of about K2-3. All these rough spectral estimates were taken from Popper (1980) and Cox (2000) .
Light curve
The star was observed by the SuperWASP (Pollacco et al., 2006) project and its complete light curve (hereafter LC) is available. However, we did not use these data for the LC analysis because these were not measured in any standard photometric filter. These data were only used to derive the minima times (see below). We observed the target at the Ondřejov observatory in the Czech Republic with the 65-cm telescope equipped with the CCD camera. For the light curve analysis, only the data from two nights in May 2011 were used (see the electronic data tables). The remaining observations were used for the minima time derivation and to analyze the period changes in the system (see below section 2.3). The observations were obtained in standard B, V, and R filters according to the specification of Bessell (1990) .
At first, the complete LC was analyzed using the program PHOEBE (Prša & Zwitter, 2005) , which is based on the WilsonDevinney algorithm (WD, Wilson & Devinney 1971) . The derived quantities are as follows: the secondary temperature T 2 , the inclination i, the luminosities L i , the gravity darkening coefficients g i , the albedo coefficients A i , and the synchronicity parameters F i . The limb darkening was approximated using a linear law, and the values of x i were interpolated from the van Hamme's tables, given in van Hamme (1993) .
At the beginning of the fitting process, we fixed the temperature of the primary component at T 1 = 4700 K (corresponding to spectral type K3, Cox 2000) . In the absence of spectroscopy, the mass ratio was derived via a so-called "q-search method". This means that we tried different values of mass ratio in the range 1.5 -0.5 in steps of 0.1 and tried to find the best LC fit according to the lowest value of rms. Finally, we found that the best-fit solution was reached with the value q = M 2 /M 1 = 0.9, which agrees with both eclipses having almost equal depths. For a given mass ratio, the semi-major axis was fixed to an appropriate value for the primary mass to be equal to a typical mass of a particular spectral type (e.g. Popper 1980 , Harmanec 1988 , or Andersen 1991 . With this approach, we were able to estimate the masses, in addition to the radii of both components in absolute units.
However, during the LC fitting process we found that the LC of GK Boo is asymmetric. In particular, the part of the LC near the secondary minimum is distorted in all BVR filters. The brightness just after the ascent from the secondary minimum (near the phase 0.6) is higher than the brightness just before the descent (phase 0.4). The difference is about 0.022 mag in B, 0.018 mag in V, and 0.017 mag in R filter, respectively.
With the PHOEBE code, we tried to fix the values of A i and g i to their appropriate values of 0.5 and 0.32, respectively. However, after then we also allowed these parameters to be fitted, because the fit is tighter (rms). However, probably owing to the asymmetry of the LC these quantities converged to the rather improbable values given in Table 1 , and the shape of the observed LC could not be fitted properly. For the asymmetry of the curve, we also tried to introduce a star spot on either of the components. However, no acceptable solution with spot(s) was found to describe the shape of the light curve more accurately in the PHOEBE program. The parameters of the LC fit are given in Table 1 , but these cannot sufficiently describe the shape of the LC.
We therefore tried a different code, called ROCHE, developed by Theo Pribulla (Pribulla, 2004) , which is also based on the WD code but has for instance also some other computing methods and different controlling of the calculation process. With this program, we used two star spots and similar input pa- The curves are shifted along y-axis for reasons of clarity.
rameters as described above. At the beginning, the values of A i and g i were fixed to the appropriate values of 0.5 and 0.32, respectively. However, to achieve a tighter fit both A i and g i values were also varied across the range from 0 to 1 in steps of 0.05 for both components. The synchronicity parameters F i converged to much more reliable values. The value of mass ratio was fixed to q = 1.0 and then also fitted as a free parameter. This was possible because there is a clear distortion of the LC outside the minima (see e.g. Terrell & Wilson 2005) . For the fitting process, the two different limb darkening laws were also tried, namely a linear and logarithmic. The latter one provides a much tighter fit to our data. All of the resulting LC parameters are also given in Table 1 (together with parameters of two cooler spots located on the primary component -longitude, latitude, radius and temperature factor). As one can see, the two solutions clearly differ even outside their respective error bars for some of the parameters. The individual errors in the parameters were not taken from the WD code, but derived in the following way. We computed a range of solutions for GK Boo, which were then used for its error estimation. All solutions with χ 2 value close to the minimal one (5% from our final solution) were taken and the resultant values of parameters were used to compute the differences between the parameters. The errors in the individual parameters were then computed as a maximum difference and their individual WD errors, given by max(a i − a min ) + δa i + δa min .
This solution obtained with the ROCHE program provides a much closer fit to the observed data and is the fit plotted in Fig.  1 . The value of the eccentricity was fixed at 0 (for a discussion about possible eccentricity see below). Our resultant parameters indicate that both the components are still located on the main sequence, (as required because the age of the Universe does not allow low-mass stars to have evolved from the main sequence). If we follow the assumption of a K3V primary, then the secondary is also of K3V spectral type. These are consistent with the photometric indices presented above, as well as with the individual masses and radii for these types of stars (e.g. Harmanec 1988 ). An undetectable value of the third light was also resulted derived by this analysis. The presence of photospheric spots on 1.866 ± 0.116 1.295 ± 0.108
47.9 ± 1.3 48.9 ± 1.0 Spots:
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both components of such a late spectral type star is also foreseeable.
Period analysis
To monitor the detailed long-term evolution of the system or its short-period modulation, we collected all available published minima observations. Photometry from the SWASP (Pollacco et al., 2006) , ASAS (Pojmanski, 2002) , and PiOfTheSky (Burd et al., 2005) projects were used to derive many new minima times for GK Boo. All of these data are given in Table 10 , which is available in electronic form only. The method of Kwee & van Woerden (1956) was used. Some of the data were of poor quality, but most were accurate enough to perform a detailed period analysis of the system. The range of these data is about 12 years.
We used these data to analyze the period modulation and found some interesting results. Applying the hypothesis of a third body in the system (the so-called LIght-Time Effect, hereafter LITE, described e.g. by Irwin 1959), we found a weak period modulation with a period of about four years. The final fit to the data together with the theoretical curve is shown in Fig.  2 . As one can see, there is also some long-term period evolution of the orbital period (the blue dashed line), which was described as a quadratic term in ephemerides. It can be understood as a slow period decrease caused by the mass loss from the system or mass flow between the components (or even momentum loss, magnetic breaking, etc.). Another explanation is that this is only 1472.7 ± 170.0 p 3 [yr] 4.032 ± 0.450
56.54 ± 15.0 e 3 0.084 ± 0.267
0.217 ± 0.108 a 3 [mas] 88.7 ± 9.8 part of the long-term period modulation, although we have only limited data coverage. A more interesting finding is that of a period of about 4 years. Applying the LITE hypothesis, we obtained a final set of parameters given in Table 2 , namely the period of the third body p 3 , the semi-amplitude of the effect A, the time of periastron passage T 0 , the argument of periastron ω 3 , and the eccentricity e 3 . Despite the low amplitude (about only 1.8 minutes) of the LITE, most of the observed minima times are of higher precision and the modulation is clearly visible. Table 2 also provides the mass function of the third body f (M 3 ), which helps us to estimate its predicted mass.
Having no information about the inclination between the orbits of the eclipsing pair and the hypothetical third body, we plotted Fig. 3 , where a plot mass versus inclination is shown. Assuming the coplanar orbits (i.e. i 3 = 90
• → M 3 = M 3,min ), the resulted minimum mass of the third body is only about 0.116 M ⊙ , which places this body at the lower end of stellar masses, hence we can rule out the hypothesis of a brown dwarf or even an exoplanet. Despite of there being no upper limit to this mass (it goes to infinity with i 3 → 0
• ), we can estimate a lower limit to the mass. Taking into account that no third light is detected in the LC solution, e.g. L 3 /(L 1 + L 2 ) < 0.01 and assuming a main-sequence star, we can estimate its mass to be lower than 0.22 M ⊙ , which is shown in Fig. 3 as a gray area. Further observations are still needed to confirm this hypothesis with higher conclusiveness.
If we assume the parallax of GK Boo as given by Kharchenko (2001) , π = 30.29 mas, we are also able to compute the angular distance of a hypothetical body to be about 89 mas. This separation of components is well above the limit for modern stellar interferometers. However, there is a problem with the brightness of the third component, which was found to be about more than five magnitudes fainter than the eclipsing pair itself. With the brightness of about 11 mag for the system, this makes a detection impossible. The magnitude difference of the third body with respect to the close pair also clarify why no third light was detected in the LC solution.
Another interesting result was a detection of displaced secondaries. This can be clearly seen in more precise data points (SWASP and our new observations). That secondary minima occur at a different phase of φ 2 0.5 from the primary usually indicates that the system is on an eccentric orbit. GK Boo is a well-detached system, so the eccentric orbit cannot be ruled-out easily. Therefore, we assumed an apsidal motion hypothesis for our data set of minima times. We followed a procedure described by e.g. Giménez & García-Pelayo (1983) or Giménez & Bastero (1995) and obtained a set of apsidal motion parameters. The plot of residuals (after subtraction of the LITE fit) with the apsidal motion fit is shown in Fig. 4 . It is obviously very slow because the position of secondaries versus primaries changes only very slowly. The resultant values of apsidal motion parameters are given in Table 3 . However, we have to rule out this hypothesis because it lead to unacceptable results. With some information about the physical parameters of both components, we can use the apsidal motion parameters to estimate the internal structure constant. The theoretical log k 2,theor value taken from Claret (2004) should range from -1.35 to -1.65. However, the mean value of log k 2 of both components that can be derived from our solution is very different, even when k 2 < 0, which is unacceptable. Thus, the system is very probably on a circular orbit.
We may ask why the secondary minima deviate from the 0.5 phase. We published a finding that the displaced secondary minima can also be present in contact binaries where no eccentric orbit is possible (Zasche, 2011) , so one cannot perform an ap- sidal motion analysis based only on the minima times of a particular system. Some studies found that the secondary minimum is displaced because of the distortion of the LC, thus any standard routine for deriving the time of minimum (e.g. Kwee-van Woerden, bisector chord method or polynomial fitting) cannot be used properly because these consider symmetric minima only. When using these methods to determine minima where both ascending and descending branches have different slopes, we recover only a "false eccentricity". One can also ask about a significance of the fits presented in Figs. 2 and 4. For this comparison, we summarized different approaches in Table 4 . In addition to the rms values, we also provide the values of BIC (Bayesian Information Criterion, see e.g. Liddle 2007 ), which show the significance of the fit. According to this method, the smaller the rms value, the tighter the fit. To conclude, our final fit provides the smallest rms, but its significance is low and still highly speculative. This is also caused by the poor data coverage, and large scatter in the minima and their low accuracy. Determinations of new more precise minima are therefore needed to confirm or exclude this hypothesis.
AE For
Introduction
The Algol-type system AE For (= HIP 14568, V max = 10.22 mag) is also a poorly studied binary. Its published spectral types range from K4 to M0, with the most probable one being K7V as derived by (Torres et al., 2006) . The system was presented as a wide double with the star HD 19632 based on their similar parallaxes and proper motions (see Poveda et al. 1994) .
Neither the light curve nor the radial velocity curve of AE For have been studied. The star was observed by the Hipparcos satellite and a few times also for the minima observations. It was also continuously monitored with automatic photometric systems such as PiOfTheSky and ASAS. However, the quality of these data do not allow us to use them for a LC analysis. The distance to the system was derived from the Hipparcos data to be d = 31.5 pc. 
Light curve
We observed the star from the South African Astronomical Observatory (SAAO) in 2010, using the classical one-channel photoelectric photometer mounted on the 50-cm telescope. All measurements were carefully reduced to the Cousins E-region standard system (Menzies et al., 1989) and corrected for differential extinction. Thanks to its orbital period close to one day, its complete light curve was observed once in standard BVR filters, with some overlapping points (about 170 data points in each filter were obtained). Unfortunately, the quality of the data acquired for several nights was not very good, hence the scatter in the curve is affected by these conditions. Two secondary and one primary minima were observed (see below).
We analyzed our data using the same computational procedure as for GK Boo. The primary temperature was fixed to the appropriate value of 4100 K (sp K7V), the eccentricity was fixed to 0, the values of gravity darkening coefficients were fixed at 0.32, and the albedo coefficients to 0.5 (as recommended for stars with convective envelopes), while the limb darkening coefficients were interpolated from values given in van Hamme (1993). The computational approach was different for the mass ratio q, which was fixed to q = 1.0 because of the weak outsideeclipse ellipsoidal variations and its detached configuration. In addition, the synchronicity parameters F i were set to values of 1.0 for both components. The program ROCHE was used and the resulting LC parameters are given in Table 5 , while the final solution is presented in Fig. 5 .
One can see that the secondary temperature T 2 is close to the value of T 1 , indicating that the components are similar. Thus, the estimated spectral types of both stars are probably K7V + K7V. Both components are still located on the main sequence and their properties are in agreement with the typical values of K7V stars (as presented by e.g. Harmanec 1988 ). The third light was also not detected here in any filter. In contrast to GK Boo, the LC of AE For seems to be symmetric. 
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Period analysis
Similarly to GK Boo, we tried to perform the period analysis of all available minima. The collection of minima is much smaller, but thanks to the first observation by Hipparcos (Perryman et al., 1997) these cover a longer time span than for GK Boo. Several new minima were derived based on our new observations from SAAO as well as those from the ASAS and PiOfTheSky surveys. The same hypothesis as for GK Boo was applied to the data points here. All of the minima times used for the analysis are summarized in Table 11 , which is available in electronic form only. As one can see from Fig. 6 , there is a clear variation in the minima times. We used the same third-body hypothesis (LITE) as for GK Boo, deriving a final fit to the data given by the parameters in Table 6 . The LITE hypothesis resulted in a rather ec- 0.601 ± 0.414
0.167 ± 0.064 a 3 [mas] 117.2 ± 8.3 Table 7 . Methods of minima fitting for AE For.
Method of minima fitting rms BIC Linear ephemeris: 0.000255 24.4 LITE and linear ephemeris: 0.000163 44.8 centric orbit, although the result is affected by a relatively large error, hence maybe the e 3 value should be lower. Only additional observations would help us confirm or refute this hypothesis, refine the period, and possibly detect some long-term evolution of the period similar to that in GK Boo, because the first observation from Hipparcos deviates significantly from the fit. With the same procedure as for GK Boo, we computed the significance of the fits according to the BIC criterion (see Table 7 ). As one can see, the fit is still very poor and highly speculative. However, using only the linear ephemeris, there remains a clear quasi-sinusoidal variation, which needs some physical explanation.
From the LITE parameters, we were able to calculate the minimal mass of the third body (i.e. coplanar orbits), which we found to be only about 47 M Jup , which is even lower than the limit of stellar masses. Therefore, if the orbits were coplanar (which only would be our assumption, because the process of tidal coplanarization is very slow), the third body would very probably be a brown dwarf (exoplanets have masses about one half of this value). With such a body, we reach minimal masses that can be detected by this method, because the amplitude of LITE is comparable to the typical precision of individual minima-time measurements. Whatever applies to the possible interferometric detection of GK Boo companion also applies here, because its luminosity is too low.
Discussion and conclusions
We have derived preliminary light-curve solutions and period analyses of the poorly studied Algol-type eclipsing binaries GK Boo and AE For, which we have found to have several interesting and similar features. Since both of them are low-mass stars of very similar types (K3+K3 for GK Boo, and K7+K7 for AE For), both of them have short orbital periods. Moreover, both are relatively close to the Sun and also appear to contain third bodies in their systems, which cause a periodic modulation of the orbital periods of both systems. Assuming a coplanar orbit, for AE For this third body appears to be a brown dwarf, which makes this system even more interesting. However, more photometric and spectroscopic observations are needed to confirm or refute this hypothesis.
The system GK Boo has an asymmetric light curve, which is the probably accounts for the shift in the secondary minimum in phase with the primary one. The apsidal motion hypothesis cannot explain this discrepancy.
In general, if the third body hypothesis as proposed based on the period analysis is found to be the correct one, here we have considered quite curious examples of hierarchical quadruple systems of low masses. As far as we know, there are only a few similar multiple late-type systems for which one of the components is an eclipsing binary (e.g. BB Scl or MR Del). 
